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SUMMARY

This report gives an account of experiments carrled out with a
two-dimensional model of an NACA 0006 airfoil with area suction applied
on the upper surface near the hinge line of a 0,3-chord plain trailing-
edge flep. The distribution of the suction quantity taken into the
porous region was controlled generslly by means of perforated metal
sheets. The permesbility of the sheets was controlled by the size and
the gpacing of the holes, A wide variety of hole sizes and perfora-
tion patterns was tested with uniform and gradient arrangements of
permeabllity.

Measurements were made of both the pressure and the suction
velocity distributions over the surface of the porous region for each
permeability arrangement tested for a range of suction flow extending
from no flow to a value well above that required for separstion con-
trol over the flap. Further informetion on the effects of hole size
and spacing was provided by use of perforated sheets with a resistance
backing to control the inflow distribution., Iimits are indicated for
the hole size and the hole spacing suiteble for the porous region on
a suction flap.

INTRODUCTIN

One of the problems confronting the designer of a boundary-layer
control system using ares suction is the selection of e suitable
material for the porous area. Two fundemental properties required of
the porous materisl are:

(a) An outer surface which is not detrimental to the aerodynemic
characteristics desired.

(b) A permesbility which provides the proper control of the suc-
tion flow quantities.
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Other desirable properties of the material include strength and forme-

bility characteristics, ease of attachment, long service life (freedom

from clogging by dirt or by corrosion), snd ease of reproduction >
(especielly of the flow-resistence characteristics).

A porous material has recently been investigated at the NACA Ames
Aeronautical Laboratory whieh holds particular promise as a practical
meterial for service operation. Thils material consists of a perforated
metal sheet in which the permeability is controlled solely by the silze
and/or the spacings of the perforations., The permeability and the
permeability dietribution can be closely controlled to meet the typical
specificgtione for boundary-layer control systems using sres suction
for 1ift control (see ref. 1). A study of the functional characteris-
tice of various types of porous materisls as reported in reference 2
indicated that perforated sheets tended to clog less than the other
materigls tested and were the least influenced by corrosive environ-
nment. The perforated sheet materlial had strength and forming charscter-
istics that were superior to sintered powdered materials and comparable
to sintered wire materiasls.

The air flow through a perforated sheet is more concentrated (due ¢
to the larger size snd smaller number of openings) than that through =
woven or & sintered metal sheet. An investigation of the effect of
hole size, shape, and spacing on aerodynamic performance was beyond
the scope of reference 1 or 2.

The purpose of this report 1s to present the results of an Investi-
gation to determine what hole slzes and spacings can be used effectively
without creating adverse gerodynamic effects on high-lift applicatioms
using area suction on a trailing-edge flap. (The aerodynamic problems
of such an application to swept wings is discussed in ref. 3,) The
present investigation used an NACA 0006 airfoil equipped with a 0,3-chord
plain trailing-edge flap deflected 500. A large number of different
perforated sheets was tegted in the porous region of the flap. The per-
meability of the porous reglon was controlled by either (1) the size
and/or spacing of the perforations or (2) a second porous materisl in
back of the perforated sheet. The hole patterns of the sheets (and the
air-flow resistance of the backing msterials) were selected to form
various srrangements of uniform and gradient permeability. The tests
vere made in the Ames T~ by 10-foot wind tunnel and included measure-
ments of surface pressure dlstributioms, 1ift, and suetion requirements.

NOTATION

¢ chord of model, ft

c; section 1ift coefficient, 1Lt pzipunit spen.
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Cm

sectlion pitching-moment coefficient referred to the quarter-chord
point pitching moment per unit span
2

QoC®

section flow coefficient, Vo
[2}

hole diameter, ft

pressure coefficient, g&%ﬁ

local static pressure, 1b/sq ft

volume flow per unit spen (at standard density) through porous
surface, cu ft/sec
free-stream dynamic presgsure, %p V. z,lb/sq £t

0" o

center~to-center spacing between adjacent holes In g chordwise
row, Tt

free-stream velocity, fps

velocity normal to surface calculated from local pressure difference
across porous region and flow-resistance characteristics of porous
material, fps

stall-point velocity at the trailing edge of the porous reglon
v
open-area ratlio » TS
(For a composite assembly, an equivalent open-area ratio is used
and is obtsined by interpolation from either figure 2 or 3 of
reference 1 using the stall-point values of pressure drop across
the assembly and the suction air velocity.)

center-to-center spacing between adjacent holes in a spanwise
row, ft

angle of attack, deg
flep deflection, deg

mass density of air, slugs/cu ft
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Subscripts
e locel external point
o free-stream conditions
i conditions in suction duct

MODEL AND APPARATUS

The tests were made in the Ames T~ by 1lO-foot wind tunnel with
the test section medifiled to accommodete a two-dimensionsl model with
a 4-foot span. Figure 1 shows the symmetrically spaced flow dividers
which were installed to provide for & 4- by 10-foot test section. Each
divider extended about 12 feet forward and rearward from the center
line of rotation of the model. A photogrsph of the 4~Ffoot chord model
mounted in the wind tummel ig presented in figure 2. The model was
supported on the wind-tunnel balance system. Airfoil-ghaped fasirings
were used to shield the model support structure from the air flow
between the flow dividers and the original floor and celling of the
tunnel test section.

The model used in this investigation was comstructed to the pro-
file of an NACA 0006 airfoil with s 0.30-chord trailing-edge flap
deflected 50°. The contour of the upper surface of the airfoil above
the flap hinge line was an arc of a circle tangent to the airfoll sur-
face with the center of the arc at the 0.T70-chord station on the lower
surface., The upper surface of the model above the flgp hinge line was
removable and included provisions for mounting porous sheet materials
from 69.0- to 75.7-percent chord. A section view of the model showing
the location of the porous area is given in figure 3.

Two arraengements of materials were used in the porous region of the
model to control the permeability, that is, the resistance to air flow
through the surfsce. In one arrangement, the porous material consisted
of & perforated metal sheet in which the permeability was controlled by
the hole size and/or hole spacing. The perforation patterns of sheets
used in this manner are shown in figure 4. The air-flow resisfance char-
acteristics of the surfaces can be obtalned from reference 1 and will
not be repeated in this report. Surfaces 1 through 6 with uniform per-
meability end surfaces 17 through 20 with gradient permeabllity were
perforated only in the region (71.0- to Th.6-percent chord) in which
the preliminary test results had shown that suction was required. A
typical surface with this perforation arrangement is shown in figure 5(a).
Surfaces 7 through 16 were fabricated from factory stock materials
(e.g., fig. 5(b)). The chordwise extent and position of the porous
region was adjusted by closing off portions of the surface with a
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nonporous tape. Surfaces T through 15 were also used to cbtain varlous
types of hole patterns and spacings by closing off individuwael holes or
rows of holes with a nonporous tape as indicated in figure 5(c).

In the second srrangement, the porous material consisted of a
pandwich type of asgembly of perforsted metal sheets supporting a
fibrous-glass compact interior as illustrated in figure 6. Designed to
serve asg an underlying porous material in composite assembly with a
metal skin, the compact provides for precise permeability control (umi-
form or gradient). Several distributions of the permesbility of the
fibroug-glass compact were used to obtain various distributions of the
suction velocity. Details of the fibrous~glass compacts are given in
reference k.

The suctlon pressure required to induce flow through the porous
surface was provided by an alrcraft-type supercharger driven by a
varisble~speed motor. The suction equipment was located ocutside the
wind tunnel. Air was drawn through the porous section of the flap into
the plenum chamber in the model snd then through ducting from one end
of the model to the supercharger. Baffling was provided in the plepum
chamber to insure uniform internal pressures across the span of the
model.

Orifices flush with the surface were provided slong the midspan of
the model and 6 inches from each tunnel wall for determining the chord-
wise distribution of external pressure. Flush orifices were slso
installed at various points in the plenum chamber to determine the
magnitude and uniformity of the internal suction pressures.

TEST METHODS

Preliminary investigation showed that the use of ares suction near
the leading edge of the flap increased the 1ift for all angles of attack.
With the largest amount of suction that could be spplied with the suec- .
tion equipment, the 1lift was well above that of the plain wing and flap
combination as shown in figure T by the circle symbols but considerably
below the 1ift predicted from the theory of references 5 and 6. Tuft
studies indicated a region of rough flow on the flap near the tummel
floor and ceiling. Apparently the reduced pressure on the wing near the
hinge line, especially with suction, caused a transfer of some of the
boundary layer from the walle to the ends of the flap of the model.
Attempts to eliminate or limit the region of rough flow with arrange-
ments of separation plates, fences, turning vanes, or slats over the
hinge-line region were unsuccessful.

After further investigation with various blowing and suction slot
arrangements in the flap-wall junctures, the regions of rough flow at
the ends of the flap were eliminasted by increased suction through
separate ducts sdjacent to the wind-tunnel walls. The results relating
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to the flap-wall interference studies are not reported in detail and
only the suction arrengement and results pertinent to this investiga-
tion will be indicated. Details of the end ducts, which had a quantity
flow control independent of the larger span section, are indicated in
figure 8. With nominal suction applied to the model, and an increased .
suction quantity at the end ducts, the 1ift obtained was nearly egual
to the value predicted from theory as indicated in figure 7. Pressure-
distributlion studles showed a pressure recovery at the trailing edge

of the flap that was uniform acrogs the spen and that was of the type
egsociated with & two-dimensional air stream. Tuft photographs are
shown in figure 9. TFor a section flow coefficient in each end duet of
0.02 or less (based on total model wing area), the 1lift coefficient
varied between the two curves shown in figure 7 for the suction-epplied
conditiong,” Increased suctlon in the end ducts of 0.02 or greater did
not affect the 1ift or stall-point c within the accuracy of measure-
ment. The 1ift with suctlon off shown in figure 7 was not affected by
the quantity of the suction flow into the end duects.-

In thig report, all force and flow data are presented for a con-
gtant section flow coefficlent in the end duets which was sufficient to
insure a two-dimensiocnal type of flow about the model, The section
flow coefficient cQ given on the figures refers to the suction flow

quantity applied to the remsinder of the porous srea, that is, it does
not include the flow in the end ducts. :

Measurements of the 1ift and pitching moment were made with the
wind-tunnel belance system. Tunnel-wall corrections computed by the
method of reference 7 were spplied to the data as follows:

@ = ay + 0.30 ¢y, + 1.22 ey,
Cym = Oo99 Cmu + 0.01 Czu

where the subscript u denotes uncorrected values. Unless otherwise
noted all tests were made for a free-stream velocity of 162 feet per
second (Mach number of 0.14) which, for the 4-foot chord of the model,
corresponded to a Reynolds number of k%,000,000.

The weight rates of air flow through the end ducts and through the
porous region of the flap were measured independently by means of stand-
ard A.S.M.E. orifices. The flow-resistance characteristies of the porous
materials were ascertained experimentally by the method described in
reference 1. The data presented for the suction-off condition (cQ = 0)
were obtained with the suction lines sealed between the model and the
suction pumps.
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RESULTS

Effects of Suetion

A preliminary series of tests were made on the NACA 0006 airfoil with
area suction near the leading edge of the traillng-edge flap to esteblish
the location end chordwise extent of the porous region necessary for
efficient 1ift control. These tests were exploratory in nature with the
object of gaining both an understanding of the suction requirements and
ascertaining the 1ift potentialities of the model arrangement.

A trailing-edge flap acts to change effectively the camber of the
airfoil section. From the data in reference 8, it can be noted that for
deflections up to approximstely 15° or 200, the flow over the flap is
attached and the increase in 1ift due to flap deflection sgrees with values
computed from thin-girfoil theory. With increasing flap deflection above
20°, however, the flow separates from the flap, resulting in a 1lift well
below the predicted value. Thig flow separation is indicated in fig-
ure 10(a) by the relstively constant pressures over the rear of the flap.
Because of this flow separation, the peak pressure coefficients over the
hinge-line region on the flap did not exceed a value of sbout -2.

The application of suction in the hinge-line region on the upper sur-
face prevented flow separation and resulted in more negative pressure
coefficients on the flap, as is shown in figure 10(b). The location of
the peak pressure, however, remalined at approximately T7l.0-percent chord.
The 1ift approached that predicted from theory as shown in figure 7.

To determine where the porous region on the upper surface of the
flap should be positioned in order to obtain a maximum of 1lift for the
least suctlon quantity, tests were made with various chordwise extents
and locatlons of the porous region. The results indicated that the
position of the porous reglon was related to the extermal pressures over
the flap. It was found that a porous region located between Tl.0- and
T4.6-percent chord was required to control the lift with s minimum quan-
tity of suction gir. Increasing the chordwise extent of the porous
boundaries resulted in an increase in cq without any change in 11ift.

The upstream edge of the porous region was found to coinclde with the
point of minimum pressure on the flap. The downstream edge was at the
chordwise station at which the more or less large adverse pressure
gradient over the porous region sbruptly became less positive and the
external pressure coefficient had recovered to a value of about -1.5.

With a high suction flow rate and the 1ift at a value cloge to
that predicted from theory, the pressures near the trailing edge of the
flap were near or slightly above the free-stream static pressure, indi-

cating attached flow over the flap. As the cQ was gradually reduced,
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the pressures near the tralling edge of the flap decreased slightly with

the cnset of separation of the turbulent boundary layer from the trailing

edge of the flap (see fig. 11(a)). Further decrease in cq eventually -
caused an abrupt loss in 1ift as the suction quantity reached a value

ingufficient to control separation near the hinge line. For the purpose

of this report, the lowest flow coefficient required to maintain unsepa-

rated flow over the hinge-line region of the flap will be referred to

as the stall-point cqe

The section flow coefficient required to maintain sttached flow at
the tralling edge of the flap is also of interest. This quantity is
discusged and designated in reference 3 as chrit' In this report, the

lowest flow coefficient required to waintain unseparated flow at the
95-percent chord station on the upper surface of the flap will be
referred to as the critical-point cq (see fig. 11(a)).

The 1ift end pitching-moment characteristics shown in figure 11(b)
were obtained with a surface which was uniformly permeable in the porous
region (surface L, fig. 4). Except for the values of ¢y, these data
are typlcal of the 1ift end moment characteristics noted with different
distributions of permeability of the material irn the porous region for
values of cq greater than the stall poilnt. The value of the stell-
point cg changed with the permeebility (uniform or gradient) of the .
porous region. The effect of permeability distribution on the .
stall-point cg will be discussed in the following section.

Effects of Hole Size and Spacing

Uniform permesebility.« The lift and flow characteristics of the model
were obtained with each of the surfaces shown in figure 4(a) installed in
the porous region. The perforation pattern of each sheet had about the
seme ratio of hole spacing (center-to-center) to hole diameter in the
chordwise as in the spanwise direction (i.e., z/d = s/d). The open-area
ratio, however, renged from 0.6 percent up to 41 percent. In edditionm,
data were obtained with =& full-open porous region from Tl.0- to
Th,6-percent chord (10O-percent open).

As a porous meterizl, perforated sheets have a wlde range of per-
meability and can be made to almost eny desired uniform or gradlent
arrangement (see ref, 1). Tn order to give an indication of the permea-
bility of the different surfaces in figure l4(a), a permeability relative
to that of surface 1 has been tabulated in the figure. This relative
permeability 1s the ratioc of velocities of air flow induced for e pressure
difference of 10 inches of water across the sheets.

In figure 12, the 1lift, section flow, and plenum chamber pressure
coefficients at the stall point (end critical point) are presented as a
function of the open-area ratio of the perforated surfaces used in the
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borous region. The trend of the data presented in figure 12 is not
dependent on the individual perforastion patterns themselves, but rather
indicates the over-all effects of permeebility on the aerodynamic char-
acteristics of the model. It can be readily noted thet the section flow
coefficient at the stall point was decreased by a Pactor of sbout 4 as
the open area of the porous region was decreased from 100 to 2 percent.

With a l-percent open srea (surface 2), the largest differential of
suction pressure that could be applied with the suction equipment was
insufficient to attach the flow over. the flap at the test conditions
(V, = 162 fps). Reducing the free-stream velocity to 94 feet per second
increased the availsble section flow coefficlent as noted below and
resulted in attached flow over the flap. With a 0.6-percent open area
(surface 1), the flow was not attached by reducing the free-stream
velocity.,

Cpen ares of v, ey
porous reglom, | fPs | (¢ = -15°)| °q P,
percent
1.0 162 1.00 0.0008} -21
1.0 132 1.18 .0011| =33
1.0 ok | 1,54 .001k| -61
.6 ol .69 .0008| -56

Discrete permesbility.- In order to determine the largest hole
spacing for a given hole size that would provide for efficient 1ift con-
trol on the flap, variocus surfaces were modified by taping over portions
of the skin to obtain a more or less systematic vaeriation of s/d
and z/d. The suction quentity was concentrated at several chordwise
stations rather than distributed over the porous region., These
arrengements are designated as having a discrete permesbility.

The effects of discrete permeability in the porous region were
studied with surfaces having hole diameters of 0.045, 3/32, 1/8, 3/16,
and 1/4 inch. Typical results are presented In figure 13 for surface 13
with l/8—inch-diameter holes. Ilustrated in figure 14 are the variations
in suetion quantity versus suction pressure for various permeablility
arrengements. Evaeluation of the deta shown in figures 13 and 1&4 and
other similasr datae obtained with surfaces having different sized holes
indicated that as the permeability of the porous region wes decreased
by closing off some of the holes, the stall-point ¢, also decreased.
It was found that if the hole spacings for a given hgle size were kept
within certain limits, the veriation of the stall-point cq wilth open-
area ratio was the same as that noted for surfaces having uniform
permeabllity as indicated in Pigure 12.

The 1ift and the c¢p at the stall point for each discrete permea-
bility pattern were compared with the values indicated in figure 12 for
surfaces having equal open area but of uniform permeebility. Those
perforation patterns for which the 1lift and cq were the same as the
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values from figure 12 were considered as satisfactory and are indicated
In figure 15. With certain petterns, the 1lift was the same but the stall-~
point cq was greater then the value from figure 12 for equal open area,
This range of patterns ls ghown by the ghaded areas in figure 15.
Further increase in the hole spacing, elther chordwise or spanwlse,
regulted in a separsted flow over the flap hinge line that could not be
eliminated even with the maximum suction quentity through the porous
region. These patterns fall within the reglon labeled "stalled" in
Plgure 15. ,
It is interesting to note that a porous surface having two spanwise
rows of holes, at gbout 7l.0- and Th.6-percent chord, respectively, had
practically the same serodynamic cantrol (i.e., the same c; and cq
charscteristics) as a porous surface with many rows of spanwlse holes
between the same two chordwise stations (compare, e.g., surface 13-E
of fig. 13 with surfsce 6 of fig. k).

A slight hysteresis was noted for the pattern arrengements with
only two spenwise rows of holes., The stall polnt for two arrangements
(13-E snd 11-A) was obtained by gradually reducing cq until the flow

over the flap separated. Once the model stalled, the ¢, had to be
incressed by about 0,001l over the stall-polnt value before the flow was
reattached. Tt should be noted, however, that the ratio of hole spacing
to hole dlameter for arrangements 13-E and 1ll-A wes in the increased
stell~point cq renge as indicated in figure 15. Therefore, the
hysteresls noted above may not be a result of using two rows of holes
but may have been a result of the holes belng spaced too far apart. No
arrengement of two rows of holes tested was in the range Indlcated as
satisfactory in figure 15. With any of the patterns indicated as satis-
factory in flgure 15 installed in the porous reglian, the value of the
stall-point cg was found to be independent of the memmer in which the
suction quantity was varied.

Gradient permesbility.- For the uniform and the discrete arrange-
ments of permeability, the hole size and spacing pattern (s/d and 2z/d)
were constant throughout each individusl surface, By the use of non-
uniform perforetions, that is, unequal hole sizes and/or variable spac-
inge, a perforated sheet can be made to a prescribed gradient arrangement
of permeability., Four surfaces of this type with the same gradlent
permeability but with different hole sizes and spacings were tested and
are illustrated in figure 4(b)., Surfaces 17, 18, and 19 had a glven hole
size with different spacing patterns. Surface 20 had a uniform spacing
pattern with different hole sizes in the rows. The varistion of cq
with P,, and the stall-point cq for each of these surfaces were the
seme (see fig. 1h(b)).

In certain applications, the use of surface sheets with open areeas
up to 30 or 40 percent may be desirable. To be able to use these more
open sheets and still maintein a prescribed permeabllity arrangement
(e.g., the requirements dlagramed in fig. 4(b)), the porcus-flow
resistance must be increased selectively. A number of surfaces were
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tested with a resistence backing as shown in figure 6. The over-all
gredient permeabllity was the same ag that for surfaces 17 through 20.

The stall=-point c¢, for the materials with gradient permesbility
in the porous region ar€ shown in figure 16. The result to be noted is
that the stall-point cg (with equal gradient permeability) was not
affected by the perforation patterns of the surface material, The porous
region formed by a sheet with 0,125-inch-diameter holes, 33 holes per
square inch, was equivalent aerodynamically to & sheet with 4,225 holes
per square inch and 0.006-inch square holes.

Pressure distribution.- For perforated surfaces (uniform permeabil~
ity) with open areass of about 6 percent or larger, some outflow occurred
near the leading edge of the porous region even for section flow
coefficients greater than that required at the stall point. The chord-
wigse extent of outflow in the porous region at the stall polnt with an
open area of 41 percent (surface 15) was large, as can be deduced from
figure 17. From the flat-top shepe of the pressure distributlion, it
gppeared that outflow caused a localized flow sepasration over the
forward portion of the porous region. However, the high suction quanti-
ties taken through the trailing-edge reglon sppeared to reattach the
flow and limit the local separation. As the permeability of the porous
region was decreased, the region of outflow also decreased and the shape
of the pressure dlagrams changed as cen be seen in figure 17.

The shape of the pressure dlagrams at the stall point for the dis-~
crete arrangements of permeability with small open-area ratlos and the
tapered arrangements of permeability were essentially the same as that
shown for surface 4 in Ffigure 17.

DISCUSSICN

An extensgive gelection of perforation patterns with a wide range of
hole sizes and spacings is avallable to a designer for a suction flap
system which will produce essentially the same aerodynsmic result
(see fig. 15). The stall-point cq vas found to vary according to the
permegbility of the material used in the porous region (see.figs. 13
and 16). Highly permesble materials resulted in large values of stall-
point cp. More dense materisls, wilth uniform or gradient arrangements
of permeability, resulted in a reduction in the stall point c,. In
an attempt to correlaste the results obtained in terms of the sgction
requirements for attached flow on the flap, examination was made of the
suction veloeity distribution at the stall point wilth attached flow., A
number of veloclity distributions corresponding to the stall-point values
for materials of different permeability are shown in figure 18. Inspec-
tion of this figure reveals two significant features regarding the dis-
tribution of loecel suction velocitles required to prevent separation:
First, the sttainment of attached flow on the flsp was insensitive to

the velocity of flow through the leading edge of the porous region. The
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velocity could be varied from large inflow velues to even comsiderable
outflow and still maintein attached flow on the flap. Second, at the
trailing edge of the porous region a positive value of suction velocity
was always necessary for attached flow on the flap but it did not appear
to have any specific value; however, the magnitude of the velocities did
appear to be related to the permeability of the surface at that point.

A considerable effort was made to establigh the sensitlvity of the
stall-point ¢ to the magnitude and location of the veloclity at the
trailing edge of the porous region. In =231 Instances, moving the chord-
wise position of the trailing edge of the porous region awey from .
T4.6-percent chord (+0.3-percent chord) wes harmful. Positions upstream
resulted in an insblllty to prevent flow separation. Positions down-
gtreem resulted in an increased suction quantity at the stall point.

The locatlon of the trailing-edge position appeared to be related to the
chordwise station at which the more or less large adverse pressure gradient
over the porous region abruptly became less positive (see fig. 17).

It was noted from examination of the suction veloeity diagrams, at
the stall point, for all the permeability arrangements tested, that the
suction veloeityl v at the trailing edge of the porous region varied
considerably with the permesbility of the porous materisl, Plotting
this suction veloclty as a function of the open area of the porous region
resulted in a linear verietion. The velocity of the air into the perfora-
tions would be greater by the ratlo of the total area to the open area
of the perforations. This veloeity w of the suection alr through the
perforations at the trailing edge of the porous region was found to be
eggentially a constant value at the stall point and to be independent of
the permeebility of the porous regilon as shown in figure 19(a). The data
in figure 19(a) represent a wide range of stall-point c, values, The
agreement was as good for the perforasted sheet materlials used alone as
for sheets used with a resistance backing.2 It waes clear that separation
was suppressed for any arrangement of surface permeability provided the
magnitude of the suction velocity through the perforatioms at the trail-
ing edge of the porous region was equal to or grester than some critical
value at the stall point. The magnitude and dilstribution of the suctlon
velocities over the forward portion of the porous region influenced the
magnitude of the suction quantity cqo but did not affect the critical
veloeity w at the trailing edge.

The varilation wlith free-stream velocity of the veloeclty w through
the perforatione at the tralling edge of the porous reglon is indicated

1Suction sir veloeity, normal to surface, is based on the total
surface srea of the porous region (71.0~ to Tﬁ 6~percent chord),

2The equivalent open-area ratioc of a composite assembly (i.e., &
single perforated sheet with the same values of pressure drop and suc-
tion velocity) was determined from the stall-point values of pressure
drop and suction velocity at the trailing edge of the porous region by
interpolation from either figure 2 or 3 of reference 1,




Naca TN %038 13

in figure l9(b). It can be noted that the value of w Incressed with
increasing free-sgtream velocity; however, the ratio W/V@ (and hence
the stall-point cq) was essentlally invariant with V.

Wind-tunnel tests of jarea suction applied at the leading edge of a
Partial-gpan flap on a 35 saweptback wing are reported in reference 3.
Three arrangements of permeability
were tested in the porous region
that suppressed separstion on the 20
flsp., The corresponding suction o
velocity distributions at the 3= 55
stall point (from fig. 27, ref. 3) {a)
are dlagramed in the adjacent sketch,
The calculated values of w for
curves (a), (b), and (c) were 222, 1ok (b)
233, and 225, respectively. The
results of the two different model
installations, reference 3 and that (c)
of this investigation, appear com- " fPS
plementary in substantiating the L;E::j;;7—
senslitivity of the velocity at the 0
trailing edge of the porous region.
The test results of reference 3
also indicated that the stell-

point cn was essentially )
independent of V. <«——Porous region—— —>

From these two experiments a single parameter appeared dominant in
suppressing separation on the flap by suction. This parsmeter was the
suction velocity based on the area of the perforations at or near the
trailing edge of the porous region. It appeared to be limited only by
certain geometric restrictions to the hole-spacing pattern. Attempts
to relste the parameter, W/Ww, with wing geometry and flap deflection
indicated that the correlation obtained depended upon the component of
the free-stream velocity normal to the flap and the turning angle near
the hinge line of the flap defined as the angle between the wing
reference plane and the upper surface of the flap.

The observed sensitivity of the location of the trailing edge of
the porous srea and the basic importance of the suction velocity at this
location suggest the following interpretation of the present method of
suppressing separation, The large suction veloclty into the perforations
at the trailing edge of the porous area (of simllar msgnitude to the
local veloeity over the flap immedistely downstream of this point) would
provide a strong sink effect. The pressure fleld induced by & sink in
an airfoll surface has negative pressures shead of the sink and positive
pressures behind the sink, Thus, if the sink is a short distance behind
the knee of the flap, these sink induced pressures could combine with
the pressure field of the deflected flap to produce a broadened pressure
peak followed by an abrupt recovery. This is spparent in the pressure
distributions in figure 17. By proper positioning of the suction, most
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of the recovery can be localized at the point at which most of the suc-
tion 1s applied. This suggests the possibllity of suppressing separation
by applying suction at this single chordwise location. From the results
of the data obtained with two spanwlse rows of holes, it appears that &
single row of spanwise holes properly positioned may be sufficlent to
control the flow over the flap on the model of this Investigation., At
the stall point for surfaces 1l-A and 13-E (fig. 14), almost all the
suction quantlty was teken through the downstream row of holes. Across
the upstream row, the pressure difference measured between the external
and plenum-chamber pressures was zero, indicating no inflow, In fact,
for surface 11-B, zero inflow in the upstream row of holes was ilndicated
for & P, of about -9 whereas the stall point did not occur until the
plenum-chamber pressure coefficilent was incressed to =7.8, indicating a
slzable outflow at the stall point. PFurther investigstion of +this
possibility appears to be an interesting task for future research.

The use of perforations need not be restricted solely to the appli-
cation of separation suppression on a plain flap for high-1ift control,
It 1s believed that the same concepts could be used advantegeously to
elimingte flow separation in other aerodynemlic systems, for example, in
wide angle diffusers, elbows, and bluntly rounded trailing-edge sectlons.

CONCLUDING REMARKS

The results of a wind-tunnel investigation of an NACA 0006 airfoil
with & plain trailing-edge flap indicated that flap 1ift Increments
approaching those computed from thin-airfoll theory cen be obtalned
with smell suctlon flow quantities through a porous reglon on the upper
surface near the hinge line of the flap.

A porous reglon with a perforated metal skin was entirely satis-
factory for achieving efficient 1ift control. The 1ift gains and the
suction quantity requirements were unaffected by the perforation patterns
of the porous surface over a wide range of hole sizes and spacings. A
perforated surface with its permeability controlled solely by the hole
slze and spacing was equally as good serodynemically as a more oOpen sur-
face with a resistance backing, It was shown that a designer has a wide
cholce in selecting a perforation pattern or distribution of permesbillty
to provide for efficient 1lift control.. Acceptable geometric limitations
to hole gize and spacing are indicated.

Ames Aeronautical Iseboratory
National Advisory Committee for Aeronasutics
Moffett Field, Calif,, March 14, 1957
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Percent chord

Detail A
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—————

Detall A

Figure 3.- Location of the porous regiom on the flap.
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Figure k4,- Details of perforation patterns of various metal sheets used

in the porous region of the model,
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Number Percent Thickness,
Surface in, of rows open in,
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(b) Gradient permesbility.

Figure 4,~ Concluded,
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(a) Sheet perforated for porous region
from 71.0- to Th,6-percent chord.
Surface 20,

(b} nfformly perforated sheet,
Surface 1

(c) Surfece 1k taped for z/d = 1,66
— end s/d = 2.88 for porous reglan
from 71.0- to 7Th.6-percent chord,

Figure 5,- Typical perforation arrangements tested with different types

of surface sheets, The Portion of the sheets wlth the added perfora-~
tions were open to separate end ducts,
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Figure 6,
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(o] Model without separate
end ducts et flap-wall
Junctures.

A Model wlth sepasrate
end ducts at flap-wall
Junctures. cq in the

end ducts = 0,040,

Model with separate
end ducts at flap-wall
Junctures,
a Model cq = 0.0080
7 Model oq = 0.0021
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Flgure T7.- Effect of increased suction at flap-wall Junctures on section
1ift coefflecient.
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end ducts

Figure 9.- Tuft studies

(b) Model cq = 0.0050

over the upper surface of the model;
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Figure 11.- Typical serodynamic characteristics of the model with suction

applied in the hinge-~line region on the flap; uniform arrangement of

permegbility in the porous region.
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Figure 12.~ Stall-point 1ift snd flow characteristices of the model with

uniform errangements of permesbllity in the porous reglon; perfora-
tion patterns with x/d ~ s/d; a = -15°,
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Figure 13.- Stall-point section flow characteristics of the model with

discrete arrangements of permesbility in the porous region;
hole diameter = 1/8 inch.
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Uniform permeability, fromx figure 12
Discrete permeability
Suction velocity at
Percent trailing edge of
Surface open s{d xz/d porous reglon, fye “
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Figure 14,- Variation of section flow coefficient with plenum-chember
pressure coefficilent for the model with va,r:CL)ous arrangements of
permesbility in the porous regiom; o = -157.
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Porous material: Composite assembly
[} Surface 13
O Surface 16
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Figure 16.- Stall-point section flow characteristiecs of the model with a
gradient arrangement of permeability in the porous region; o

-15°,
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Figure 17.- Stall-point pressure distribution over the flap with various
arrangements of uniform permeability in the porous region; a = -150.
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Figure 18.- Suction velocity distributions for -various arrangements of
permeability; a« = -150.
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Uniform perceebility (fig. 12)
o Porous material: Perforated sheet

Gradient permeability (fig. 18)

A Porous materisl: Composite assenbly
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Figure 19.- Meagured values of the local suction velocities through the
perforations gt the trailing edge of the porous region for stall-point
conditions; o = -150. .
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